Abstract: Electron cloud related emittance dilution and instabilities of bunch trains limit the performance of high intensity circular colliders. One of the key goals of the Cornell electron-positron storage ring Test Accelerator (CesrTA) research program is to improve our understanding of how the electron cloud alters the dynamics of bunches within the train. Single bunch beam diagnotics have been developed to measure the beam spectra, vertical beam size, two important dynamical effects of beams interacting with the electron cloud, for bunch trains on a turn-by-turn basis. Experiments have been performed at CesrTA to probe the interaction of the electron cloud with stored positron bunch trains. The purpose of these experiments was to characterize the dependence of beamâȂŞelectron cloud interactions on the machine parameters such as bunch spacing, vertical chromaticity, and bunch current. The beam dynamics of the stored beam, in the presence of the electron cloud, was quantified using: 1) a gated beam position monitor (BPM) and spectrum analyzer to measure the bunch-by-bunch frequency spectrum of the bunch trains; 2) an x-ray beam size monitor to record the bunch-by-bunch, turn-by-turn vertical size of each bunch within the trains. In this paper we report on the observations from these experiments and analyze the effects of the electron cloud on the stability of bunches in a train under many different operational conditions.
Contents 1 Introduction
One of the key goals of the Cornell electron-positron storage ring Test Accelerator (CesrTA) research program is to improve our understanding of the interaction of the electron cloud with the high energy particle beam. This improved understanding is required to be able to extrapolate with confidence from the experimental conditions of CesrTA to the conditions expected for the ILC damping rings [? ] . The interaction of the particle beam with the cloud can be studied by measuring the properties of the beam in the presence of the cloud. The key beam properties which are influenced by the cloud are the beam's closed orbit distortion (quite small, and not extensively studied with CesrTA), the frequency spectrum of the beam centroid's coherent dipole motion relative to this orbit, and the beam's transverse position distribution. In CesrTA the beam is formatted longitudinally into a train of (∼ 10 mm long) bunches separated by an adjustable spacing (variable from a minimum of 4 ns, up to a maximum equal to the revolution period, about 2.56 µs). For sufficiently closely-spaced bunches, the electron cloud grows along the train. Because the cloud environment is different, it is critical that the beam dynamics measurement made to probe the cloud be done on a bunch-by-bunch basis. The frequency spectrum of the coherent dipole motion of each bunch contains a wealth of information. In particular this information includes
• the amplitude, frequency, and line shape of the betatron lines, which are sensitive to the electron cloud's electric field, to the mode of oscillation of the bunches in the train, and to the presence of multi-bunch instabilities;
• the amplitude, frequency, and line shape of "head-tail" lines, which are generally separated from the betatron lines by approximately the synchrotron frequency, and are sensitive to internal motion within the bunch driven by electron-cloud-induced single-bunch head-tail instabilities.
In addition after bunch motion has been excited by an external source, the time dependence of the amplitude of the betatron and "head-tail" lines provides information on the damping of these lines, which is related to aspects of the effective electron-cloud impedance not probed by tune measurements. The vertical shape distribution of each bunch is sensitive to
• emittance growth driven by single-bunch instabilities. Generally, this growth would be expected to be correlated with the observation of "head-tail" lines described in the previous paragraphs;
• incoherent emittance growth, driven by non-linear components of the electron cloud's electric field, which may take place before the onset of emittance growth driven by single-bunch coherent instabilities.
If present, incoherent emittance growth needs to be fully understood, since it could impact achieving the design emittance goals of the ILC damping rings and future lepton colliders and light sources. In this paper an overview of the experimental hardware and techniques used to obtain the measurements are described; the most important beam dynamics observations are presented; and a summary of the results are discussed.
Instability Thresholds: Experimental Measurements
We have developed the capability to make automated measurements of frequency spectra of individual bunches, to look for signals of single-bunch instabilities [? ]- [? ] . During such measurements for each bunch in a train several frequency spectra are acquired, covering a range which spans from one-half the revolution frequency to the revolution frequency. Machine conditions, such as bunch current, magnet settings, feedback system parameters, etc. are automatically recorded and stored before and after each single-bunch spectrum is taken. Over the course of five years a number of observations were made which illuminate the dynamics of the electron-cloud/beam interaction at CesrTA. Some of the results from these experiments are described below.
Unless otherwise noted all experiments discussed in this section were done at 2.085 GeV in a low emittance lattice [? ] . The machine parameters for these experiments are shown in Table I . Trains having a number of bunches ranging from 30 to 45, with a bunch spacing of 4 to 56 ns, and bunch currents in the range of 0.5 − 1.25 mA (0.8 − 2.0 × 10 10 particles) per bunch were studied. In all cases, except where specifically noted, the beam particles were positrons.
Several systematic checks were undertaken:
Unless otherwise mentioned, the longitudinal feedback was off for these measurements. The vertical and horizontal bunch-by-bunch feedback systems' gains were turned down to 20% of full gain. Some experiments explored the effect of turning the vertical feedback fully off.
General observations
Even with horizontal and vertical feedback in operation coherent horizontal and vertical betatron motion is visible as spectral lines. Generally the amplitude of these lines increases as one moves the observation point from one bunch to the next within the train. Another basic observation is that under a variety of conditions the frequency spectra exhibit the vertical m = ±1 synchro-betatron (head-tail) lines, separated from the vertical betatron line by the synchrotron frequency, for many of the bunches along the train. The amplitude of these lines typically (but not always) grows along the train. Under some circumstances horizontal head-tail modes are also observed. The m=-1 signal refers to the lower sideband whereas the m=+1 signal refers to the upper sideband of the vertical betatron line.
Typically, for the bunch at which the vertical synchro-betatron lines first appear above the noise floor (which is about 40 dB below the vertical betatron line), we observe, on a bunch-bybunch x-ray Beam Size Monitor (xBSM), growth in the beam size, which continues to increase along the train [? ] .
Under some conditions the first bunch in the train also exhibits a synchro-betatron line (m = −1 only). When we placed a "precursor" bunch, about 180 ns before the train, this m = −1 signal for the first bunch was eliminated.
Subsequent sections will present the details of these observations, together with their dependence on machine and beam parameters such as bunch current, number of bunches, chromaticity, beam emittance, vertical feedback, beam energy, and particle species.
Bunch-by-Bunch Power Spectrum
To measure a bunch-by-bunch power spectrum the machine is loaded with a bunch train with a uniform current per bunch and software is run to automatically collect frequency spectra from a single BPM button gated on the first bunch. The data acquisition takes less than a minute and then gate is moved to the second bunch and so on through the train. For bunch spacingâȂŹs greater than about 6 ns, the gate width is smaller than the bunch spacing, so only the motion of the gated bunch is observed. The frequency spectra are 10 s averages, acquired in 4 (or 5) measurements, each with a 40 kHz span, covering the range from 185 up to 345 (or 385) kHz. During a single measurement sequence all of these groups of spectra for the ensemble of bunches are collected into data sets. Since a large amount of data has been acquired over several years, for clarity this paper will reference measurements by their data set numbers. Since the beam has a relatively short lifetime, it is necessary to periodically pause the measurements and "top off" the bunch train. Typically, this is done after data acquisition is completed for a group of 5 bunches. Fig. ? ? shows the beam current as a function of bunch number for a 30 bunch train. In this figure the current per bunch plotted for bunch n corresponds to the average value of the bunch current for all bunches earlier than bunch n; the error bar represents the rms variation in this number, principally due to irregularities in the fill level. The dips at bunches 5, 10, . . ., and peaks at 6, 11, . . ., correspond to when the train is "topped off." A portion of the bunch-by-bunch power spectrum observed in data set 166, which consists of a 30 bunch train of positrons with 14 ns bunch spacing, is shown in Fig. ? ?. The figure plots the power spectrum for each bunch, as measured at the button BPM, vs. frequency. The four prominent peaks seen correspond, from lowest to highest frequency, to the m = −1 vertical synchro-betatron line the horizontal betatron line, the vertical betatron line, and the m = +1 vertical synchro-betatron line. Fig. ? ? shows the spectrum of the last bunch (number 30) in greater detail. For this data set the vertical chromaticity (defined as Q = dQ dδ , where δ is the fractional momentum deviation and Q is the tune) was 1.16 and the horizontal chromaticity was 1.33 [? ] . The principal features exhibited in Fig. ? ? and Fig. ? ? are discussed in more detail in the next subsections. Qx 2Qy 2  2Qx Qy 1   2 Qx Qy Qs  3Qx Qy 3  Qx 2Qy 2   200  220  240  260  280  300  320  f kHz   100   90   80   70   60   50   40   30 Power dBm Figure 3 . Power spectrum for bunch number 30 in a 30 bunch-long train. As an example the lines labeled "V+1" and "V-1" are shown at frequencies of ± f s from the vertical betatron line ("V"), in which f s is the synchrotron frequency. ? shows typical bunch-by-bunch power spectra near the horizontal betatron line for 8 ns and 14 ns bunch spacings. For both bunch spacings there is single peak visible at the beginning of the bunch train that splits as we move along the train into two peaks, a high and low amplitude peak. This tune splitting has been measured at bunch spacings between 4-20 ns. The high amplitude peak shifts up in frequency along the bunch train and is attributable to the electron cloud. This peak's frequency shift (or tune shift) increases when the bunch current increases, decreases when the bunch spacing increases and does not change when the vertical chromaticity is varied. In addition there is a lower amplitude "shoulder", which appears to be roughly constant in frequency during the bunch train (i.e., there is no tune shift). A plausible explanation for this shoulder is the following: For the coupled bunch mode when all the bunches in the train are oscillating in-phase, the horizontal tune shift due to the electron cloud in a dipole-dominated ring such as CESR is very small. However, for the data set shown in Fig. ? ?, the bunches in the train are spontaneously excited, so a mixture of coupled bunch modes will be present. This mixture of coupled bunch modes will exhibit a spectrum of electron-cloud-induced tune shifts, ranging from nearly zero tune shift for the mode in which the bunches are oscillating in phase, to large tune shifts for modes in which bunches are oscillating with different phases [? ] . Qualitatively, this should produce a spectrum similar to that shown in Fig. ? ?.
Vertical Betatron Lineshape
Likewise, Fig. ? ? shows typical bunch-by-bunch power spectra near the vertical betatron line for two different bunch spacings. At short bunch spacings, between 4-12 ns, there are two peaks near the vertical betatron line at the beginning of the bunch train. The high amplitude peak shifts up in frequency along the bunch train and is attributed to the electron cloud. This tune splitting has been measured when bunch spacings are between 4 to 14 ns. The frequency shift, of the high amplitude peaks, increases when the bunch current increases and decreases when bunch spacing increases. In addition there is a smaller peak at a higher frequency, present even for the first bunch, which appears to grow in amplitude and merge with the main peak near the end of the bunch train. Increasing the vertical chomaticity causes the small peak to merge into the high amplitude peak. Since this peak is present even for the first bunch, it is unlikely that it is a multibunch mode vertical tune shift due to the electron cloud. Also, measurements and simulations have shown that the dependence of the vertical tune shifts on the multibunch mode is much smaller than for the horizontal tune shifts [? ]. 
Horizontal and Vertical Betatron Lines: Peak Power and Frequency
The relative signal power of the horizontal and vertical betatron lines is determined in the following manner: A 10 kHz wide frequency region is selected, centered approximately on the frequency of interest and the spectrum is fit to a single or, in the case when splitting of power spectrum occurs, a double Gaussian distribution to determine the background power level, width, amplitude, and frequency of the betatron line in this region. Then the maximum value of the power (the Gaussian distribution's amplitude) in this region is found and the background power level is subtracted from the peak power level to obtain the relative power (Fig. ??) . Because the background is subtracted, if the relative power is close to zero (as we will see later in this paper in the plots of head-tail line power), this signifies the absence of any significant peak in the spectrum in the region selected. The frequency plots present the center frequency for the power spectrum peaks. The errors shown in the frequency plots correspond to the bin widths of the frequency spectra (100 Hz). The errors shown in the relative power plots are estimated from the variation in the power over a spectral bin width. In Fig. ? ? the frequency of the spectral peak is given relative to the frequency of the first bunch. Thus Fig. ? ? illustrates the tune shift along the train, which is primarily due to the electron cloud effect. The horizontal and vertical betatron tune shift along the bunch train is measured with respect to the first bunch of the train and has been found to be dependent on a number of parameters, such as bunch spacing and bunch current. From Fig. ? ? several observations of the tune shift are:
• The vertical and horizontal tune shift is dependent on bunch spacing and bunch current. When the bunch spacing is increased the tune shifts decrease along the bunch train. As the bunch current increases, the tune shifts increase along the bunch train.
• Independent of bunch spacing, the horizontal tune is small until bunch 13 in a 30 bunch train. After bunch 13 the horizontal tune shift is nonlinear and has a strong dependence on bunch spacing.
• The vertical tune shift along the bunch train is visible roughly from the begining of the bunch train and increases linearly along the train.
• Most data jumps in the tune shift are caused when the current in the train is refilled. As an example the jump in the horizontal tune shift after bunch 25 is due to the current refilled before measuring bunch 26. Bunch #1 Bunch #30 Figure 6 . The power spectrum of bunch 1 and bunch 30 of a 30 bunch train that is centered at the horizontal betatron line fit to a double Gaussian distribution to determine the frequency, amplitude, and width of the betatron line in this window.
Cloud Density from Measured Betatron Tune Shifts
In this section the measured tune shifts are used to estimate the average electron cloud density. For a lattice in which the average beta functions are equal in both planes, the electron-cloud-induced tune shifts δQ x and δQ y may be directly related to the average electron cloud density ρ c via the relation [? ]
in which β is the average beta function, C is the ring circumference, γ is the beam Lorentz factor and r e is the classical electron radius. This relation may be used to obtain an estimate of the cloud density along the train. • The electron cloud density increases as the bunch spacing decreases. Along the bunch train it goes from a rather linear increase with bunch number (for 14-28ns bunch spacing) to a non-linear dependence (for 4-12ns bunch spacing).
• The electron cloud density is highly dependent on bunch current. As the current increases there is a change in the slope of the electron cloud density for closely spaced bunches. The transition in the slope occurs around bunch 13.
Vertical Head-tail Lines

Head-tail Line Power and Frequency Characteristics
As shown in Fig. ? ? and Fig. ? ? there are two lines, which appear in the bunch-by-bunch power spectrum starting part way along the train and have frequencies close to the betatron frequency plus and minus the synchrotron frequency. A detailed view of the bunch-by-bunch power spectrum located at Q y − Q s is shown in Fig. ? ? for two different vertical chromaticites. The power and frequency of the head-tail lines, Q y ± Q s , are determined in the same manner as the horizontal and vertical betatron lines except the spectrum is only fit to a single Gaussian distribution to determine the background power level, width, amplitude, and frequency of the headtail line ( • When the vertical chomaticity is increased the vertical head-tail line signal, power, shape, and width, decreases. • The vertical head-tail line shift in frequency correlates with the shift in frequency of the vertical betatron line.
• For close bunch spacings, typically 4-12 ns bunch spacings, the head-tail line is observed at the start of the train but then disappears until the end of the train. Adding a precursor bunch, a bunch just before the start of the train, will make the signal at the start of the train disappear.
In Fig. ? ?a, we plot the power (relative to the vertical betatron line) and the frequency (± the For this particular data set Fig. ? ?b shows that for bunch numbers greater than about 15, where the head-tail lines appear above the background, the frequency difference between these head-tail lines and the vertical betatron line is equal to the synchrotron frequency (within the errors).
Head-tail Lines: Correlation with Cloud Density
Comparing Fig. ? ? and Fig. ? ?, the average electron cloud density, at which the head-tail lines are first observed, can be established. For the conditions shown in Fig. ? ? (data set 166), the head-tail lines emerge at an average beam cloud density around 4 × 10 11 m −3 .
Reproducibility
The reproducibility of the observations of the head-tail lines is illustrated in Fig. ? ?. This plot shows the power in the vertical head-tail lines for three data sets taken on different dates (data set 147 on September 25, 2010, data set 157 on September 26, 2010, and data set 166 on September 28, 2010) but under the same nominal machine and beam conditions. Fig. ? ? shows that the headtail line observations are reasonably reproducible when the machine is set to the same nominal conditions.
Chromaticity Dependence
The chromaticity dependence of the head-tail lines is illustrated in Fig. ? ?. For all data sets the nominal bunch current was abut 0.74 mA. We see that for data set 142, with a higher value of the vertical chromaticity than data set 147, there are no head-tail lines observed. For data set 129 with lower values of both chromaticities than data set 142, head-tail lines are observed, but their excitation levels are lower than in data set 147, which has the lowest vertical chromaticity. 
Current Dependence
The current dependence of the head-tail lines is illustrated in Fig. ?? and Fig. ? ?. In Fig. ? ? both data sets have the same chromaticity, but the data set with the lower bunch current (data set 142) shows no head-tail lines, while the higher current data set (data set 150) shows head-tail lines starting to emerge around bunch 12. Similarly in Fig. ? ? both data sets have the same (lower) chromaticity, but the data set with the lower bunch current (data set 178) shows no head-tail lines, while the higher current data set (data set 147) shows head-tail lines staring to emerge around bunch 13. From Fig. ? ? and Fig. ? ? it is evident that the m=-1 head-tail line appears earlier in the bunch train than the m=+1 head tail line. 
Bunch Number Dependence
The bunch number dependence of the head-tail lines is illustrated in Fig. ? ?. Both data sets have the same chromaticity and bunch current, but one contains 45 bunches in the train (data set 156). The vertical tunes of the first bunch were slightly different for the two runs: for run 142, it was about 227 kHz, while for run 156 the tune was about 221 kHz. No head-tail lines are observed in data set 142 out to the end of the train, bunch 30. But with 45 bunches, head-tail lines are observed starting around bunch 18, then growing to a peak around bunch 25, and falling off at the end of the train. The fact that the head-tail lines are seen with a 45 bunch train with the same bunch current as a 30 bunch train, for which no lines are seen, is suggestive that there is a residual cloud density which lasts more than one turn and which depends on the total current.
45 Bunch Train: Correlation with Cloud Density
In Fig. ? ? we show the cloud density as a function of bunch number, computed from the measured tune shifts discussed above and using equation (1) . Comparison with Fig. ? ? shows that the headtail lines emerge from the background at a cloud density of about 4 × 10 11 m −3 , which is the same as the threshold density found for data set 166, even though the vertical chromaticity was higher for data set 156. The fall-off of the head-tail lines after bunch 25 suggests that the instability is saturating. Yet the cloud density continues to increase after bunch 25 (at least until around bunch 35) as Fig. ? ? shows. The head-tail instability threshold is expected to be sensitive to the vertical beam size. What may be happening is that the instability is driving vertical beam size growth along the train and the increase in the threshold as the beam size increases provides a mechanism for the instability to saturate.
Synchrotron Tune Dependence
The synchrotron tune dependence of the head-tail lines is illustrated in Fig. ? ?. Both data sets have the same chromaticity and bunch current, but data set 151 has a reduced synchrotron frequency of 20.7 kHz and a larger bunch length of 12.8 mm. For data set 147 the nominal frequency and bunch length are 25.4 kHz and 10.8 mm, respectively.
For both data sets, the separation between the vertical betatron lines and the head-tail lines equals the synchrotron frequency. Fig. ? ? shows that the head-tail line threshold is about the same in both cases, but the power in the lines grows more slowly with bunch number for the data set with a reduced synchrotron frequency (i.e. a longer bunch length). 
Single-bunch Vertical Emittance Dependence
The vertical emittance dependence of the head-tail lines is illustrated in Fig. ? ?. Both data sets have the same chromaticity and bunch current, but data set 158 has an increased single-bunch vertical emittance of approximately 300 pm 1. The nominal single-bunch vertical emittance, for data set 147, is approximately 20 pm. Fig. ? ? shows that the head-tail line growth is very similar for the two different vertical emittances. The power in the lines seems to plateau at a lower level for the data set with smaller vertical emittance. Generally, there is not a great deal of difference visible in the data.
Another observation which explores the vertical emittance dependence of the head-tail lines is shown in Fig. ? ?. Both data sets have 45 bunches and have the same chromaticity and bunch current, but data set 159 has an increased single-bunch vertical emittance of approximately 300 pm. The single-bunch vertical emittance, for data set 156 is approximately 20 pm.
Inspecting Fig. ? ? we see that, in this case, the power in the lines peaks at a lower level and at a later bunch for the data set with smaller vertical emittance. This would suggest that the instability is slightly stronger for the case of larger vertical emittance. In addition the power in the lines for the large vertical emittance jumps when the bunch train current is topped off which demonstates the instabilities sensativity to bunch current.
Vertical Feedback Dependence
The vertical feedback dependence of the head-tail lines is illustrated in Fig. ? ?. Both data sets have the same chromaticity and bunch current, but data set 126 has the vertical (dipole) feedback off.
1This number was estimated from a lattice model, not directly measured. For data set 129, as for all the other data sets discussed here (except 126), the vertical feedback is set to 20% of full gain. Fig. ? ? shows that the head-tail line threshold is about in the same place for these two data sets. But for data set 126 (feedback off) the power peaks a few dB higher than for data set 126 and then falls off.
Beam Energy Dependence
In data set 265 the structure of the frequency spectrum was studied for a beam energy of 4 GeV. Fig. ? ? shows the beam current as a function of bunch number for this data set. The bunch current was about 1.1 mA/bunch and the beam lifetime at the higher energy is much better than at lower energy. The machine parameters for this measurement are presented in Table ? ? Power Spectrum Fig. ? ? shows the power spectrum as a function of bunch number. Clearly visible are the horizontal and vertical betatron lines, the head-tail line above the vertical, and another Betatron Lineshapes Fig. ? ? shows the bunch-by-bunch power spectrum near the horizontal betatron line. As at 2 GeV, there is a major peak, which shifts up in frequency approximately 4 kHz during the bunch train. This shift is attributable to the electron cloud. Fig. ? ? shows the bunch-bybunch power spectrum near the vertical betatron line. There is considerably more structure in this line than at 2 GeV, including a splitting of the main peak which persists throughout the train, and some smaller satellite peaks which seem to develop after bunch 20.
Vertical Head-tail Lines In Fig. ? ?a we plot the power (relative to the noise floor) and the frequency (± the synchrotron frequency) in Fig. ? ?b of the head-tail lines. We see that these lines appear above the noise level around bunch 18. The lower frequency line (m = −1 head-tail line) is close to the horizontal line, and is weakly excited so its power is not well determined and is omitted from the frequency plot. The frequency plot shows that for the (m = +1 head-tail line) the head-tail line frequency minus the vertical betatron line frequency differs from the synchrotron frequency by about 1 kHz. This is in contrast to the observations made at 2 GeV, for which this difference is essentially zero.
Instability Threshold Estimate In Fig. ? ?, we show the cloud density as a function of bunch number, computed from the measured tune shifts, as discussed above. Comparison with Fig. ? ?a shows that the head-tail lines emerge from the background at a cloud density of about 1.2 × 10 12 m −3 .
Beam Particle Species Dependence
The beam species (e + or e − ) dependence of the bunch-by-bunch power spectrum is illustrated by comparing data set 166 (Fig. ?? ) and data set 154 (Fig. ??) . Both data sets have the same chromaticity and bunch current, but data set 154 is for an electron beam. In this latter case we The positron-beam head-tail excitation is presumably due to electron cloud effects. The physical mechanism responsible for the head-tail excitation in the electron case is not likely a result of the electron cloud but possibly due to positive ions or wakefield effects. 
Precursor Bunch Dependence
At 2 GeV in Fig. ? ? the power spectrum of bunch 1 for data set 151 is shown (red trace). Note the presence of a prominent m = −1 head-tail line. This line disappears for the second bunch and does not re-appear until much later in the train, as shown in Fig. ? ?. Moreover beam size measurements (see Section ??) indicate that the first bunch in the train is frequently larger in size than the next few bunches. This suggests that the trapped cloud density near the beam, which persists after the train ends, may be sufficiently high even for the first bunch in the train that spontaneous head-tail motion occurs. However, the interaction of the first bunch with this trapped cloud evidently destabilizes it, causing it to disperse, so that bunch 2 does not suffer from spontaneous head-tail motion.
Simulations and witness bunch measurements indicate that the electron cloud lifetime in dipoles and drifts is much shorter than one turn in CesrTA. Electron clouds which persists for many turns may be due to trapped cloud in quadrupoles or wigglers. Simulations and retarding field analyzers (RFAs) measurements in quadrupoles have both indicated that trapped cloud may be present [? ] . To test this hypothesis (in data set 153) a 0.75 mA "precursor" bunch was placed 182 ns before bunch 1. Otherwise, conditions were the same as for data set 151. The spectrum of the first bunch for data set 153 is shown (blue trace) in Fig. ? ?. Note that the lower head-tail line is now absent. In addition the structure seen on the upper edge of the vertical betatron line in Fig. ? ? also disappears. Finally, there is a small line at 235.7 kHz (13.6 kHz above the vertical betatron line), which also disappears when the precursor bunch is introduced.
It is quite interesting to note that the frequency difference between the head-tail line of the first bunch for data set 151 (shown in Fig. ?? ) and the vertical betatron line is 20.2 ± 0.1 kHz, which is significantly different from the synchrotron frequency, 20.7 kHz. At 2 GeV the head-tail lines, which develop later in the train both above and below the vertical betatron line, always have a separation equal to the synchrotron frequency within the measurement errors (see Fig. ??) .
We have observed a prominent m = −1 head-tail line for the first bunch in the train in two other data sets: data set 150 (see Fig. ? ?) and data set 157 (see Fig. ??) . In both of these cases the m = −1 line is separated from the vertical betatron line by significantly less (typically 0.6 to 0.7 kHz) than the synchrotron frequency, and there is a doublet structure to the vertical betatron line as shown in Fig. ? ? for data set 151.
(a) (b) Figure 32 . Comparison of vertical head-tail lines where both data sets have the same chromaticity and bunch current, but a precursor bunch is present for one of the data set (153), as described in the text.
In Fig. ? ? the power in the vertical head-tail lines is shown as a function of bunch number for data sets 151 and 153. After the first bunch the figure shows little difference between the head-tail line growth for the two data sets. The data set without the precursor bunch has a slightly higher line power near the end of the train.
Single Bunch Current Variation Experiment
To explore further the dynamics of the interaction of the last bunch in the train with the cloud, a series of power spectral measurements were made, in which the current in the first 29 bunches in a 30 bunch train was fixed, but the current in the last bunch was varied. The power spectrum with the last bunch at 0.25 mA (data set 167) is compared with the power spectrum with the last bunch at 1.25 mA (data set 171) in Fig. ? ?. The vertical excitation of the bunch, both at the vertical betatron line and at the head-tail lines, is somewhat larger than the expected 14 dB increase for the higher current bunch. The m = +1 head-tail line appears to acquire a low-frequency shoulder at the higher current.
In addition the frequency of the vertical betatron line is almost independent of the current in the bunch. The shift from 0.25 mA to 1.25 mA is less than 0.2 kHz. Note that this behavior is less than what would be expected for the machine impedance, for which one would expect -0.35 kHz tune shift for a 1 mA change in the bunch current.
Summary
The basic observation is that under a variety of conditions for some of the bunches within the train, the single-bunch frequency spectra of multi-bunch positron trains exhibit the m = ±1 head-tail (HT) lines, separated from the vertical line by the synchrotron frequency. A summary of more detailed observations is presented in the following list.
• For a 30 bunch train with 0.75 mA/bunch at 2.1 GeV beam energy, the onset of the HT lines occurs at a cloud density of around 4 × 10 11 m −3 (assuming no cloud density at the start of the train).
• For a 30 bunch train with 1.1 mA/bunch at 4 GeV beam energy, the onset of the HT lines occurs at a cloud density of around 1.2 × 10 12 m −3 (assuming no cloud density at the start of the train).
• The betatron lines exhibit structure which varies along the train. The vertical dipole mode power grows along the train and has a fine structure that is not understood.
• The amplitude of the HT lines depends strongly on the vertical chromaticity, the beam current and the number of bunches.
• For a 45 bunch train the HT lines have a maximum power around bunch 30; the spectral power is reduced for later bunches.
• There is a weak dependence of the onset of the HT lines on the synchrotron tune, the singlebunch vertical emittance and the vertical feedback.
• Under identical conditions HT lines also appear in electron-beam trains, but the onset is later in the train, develops more slowly and is much weaker than for positron beam trains.
• Under some conditions the first bunch in the train also exhibits a head-tail line (m = −1 only). The presence of a "precursor" bunch can eliminate the m = −1 signal in the first bunch. One conjecture is that there may be a significant "trapped" cloud density near the beam, which lasts long after the bunch train has ended and which is dispersed by the precursor bunch.
• There is a strong dependence of the HT line structure observed on last bunch in a 30 bunch train, as a function of the current in that bunch. But the frequency of the vertical betatron line of this bunch is only very weakly dependent on the current in the bunch.
Emittance Growth Along Bunch Trains: Experimental Studies
This section discusses measurements made using the x-ray beam size monitor (xBSM) that consists of a 32-linear pixel array. The xBSM can measure the vertical profile of each bunch turn-by-turn for multiple turns (e.g. 1024 or 4096 turns). A description of the xBSM is detailed elsewhere ([? ] and [? ]). All measurements were made in the 2 GeV low-emittance lattice unless otherwise noted.
Bunch Current Dependence
To quantify the vertical beam size growth along a bunch train measurements were made with the bunches at 14 ns spacing, using We define a âȂIJfast blow-up thresholdâȂİ as the bunch number, at which the rate of increase of the vertical beam size vs. bunch number begins to grow more rapidly than for the earlier bunches in the train.
As discussed above in Sec. ?? a synchrotron-betatron sideband signal is present from all bunches from the fast blow-up threshold to the end of the train. The beam size growth seen in Fig. ? ?b and in Fig. ? ?c before the fast blow-up threshold occurs around bunches 10-15 for both 30 and 45 bunch trains, may be due to incoherent emittance growth. The growth seen after the fast blow-up threshold may be due to both incoherent effects and the coherent instability.
When the feedback system is turned on the self-excitation signals that are observed in the multiple beam spectrum (MBS) results are suppressed by the feedback system. A consequence of turning the feedback system off while taking multiple bunch xBSM data is that bunches at the end of the bunch train have such large vertical dipole oscillations that they are not detected on the 32 pixel xBSM detector for all but a few turns. When large vertical dipole oscillations are detected, the vertical beam size can be determined by making cuts in the data but position and beam size spectra of these bunches are not understandable due to the lack of periodicity of the data.
In the case of the 45 bunch train at high current the head of the train was also seen to be enlarged. The cause of this is under investigation, but it is believed to be due to long-lived trapped electrons in the vacuum chambers within CESR. It should be noted that when the head of the train is enlarged a peak in the beam position spectrum is noticed at "V-1", as seen in Fig. ? ?.
Vertical Chromaticity and Bunch Spacing Dependence
Measurements were made at three different vertical chromaticity settings at bunch spacings between 4 and 28 ns. The initial vertical chromaticity settings at each bunch spacing was determined by adjusting the chomaticity to its lowest value such that the 30 bunch train could be stored. The remaining two measurements were made at higher vertical chromaticity values. For these measurements the vertical feedback gains were set very low (20% nominal value) and the horizontal and longitudinal feedback was turned off. Two sets of measurements, one at 4 ns spacing (Fig. ?? ) and 14 ns spacing (Fig. ??) , are shown. For the 4 ns spaced measurements the following observations were made:
• A large vertical dipole oscillations is evident when the vertical chomaticity is at its lowest setting as seen by plotting the turn-by-turn vertical centroid for bunch 27 in Fig. ? ? . Raising the vertical chromaticity suppresses the dipole oscillations.
• The vertical beam size for the first two bunches in the train is large and correlates with the presence of a m=-1 head-tail line. Changing the vertical chromaticity does little to reduce either the head-tail line signal or vertical beam size. In addition the vertical centroid for the first three bunches is oscillating (Fig. ?? ) and the chromaticity does not change the oscillation amplitude.
• Around bunch 15 the vertical beam size increases dramatically and the vertical chromaticity does not change the vertical beam size growth along the train.
• The reason for the insensitivity to chromaticity change is not known. It should be mentioned that the sideband amplitude was observed to change with chromaticity, as shown above in Sec. ??. • Around bunch 10 the vertical beam size increases dramatically and the vertical chromaticity does not change the growth of the vertical beam size along the train.
• Toward the end of the train the vertical oscillation amplitude and size can vary depending on the vertical chromaticity (Fig. ??) . Increasing the vertical chromaticity reduces the ocillation amplitude for these bunches.
Since the vertical chromaticity does not change the blow-up threshold appreciably it is interesting to compare the vertical beam size along a 30 bunch train for bunch spacings between 4 to 28 ns as shown in (Fig. ??) . When changing from 4 ns spacing to 28 ns spacing above the beam size blow-up threshold, the rate of vertical beam size growth as bunch number increases changes from a rate at 12 ns bunch spacing to a more gradual blow up rate with bunch spacings of 20 ns or greater. The change in the blow-up threshold and slope may be due to the cloud lifetime being long compared to the bunch spacing and so the cloud does not decay appreciably over the space of 14 ns, allowing the cloud density to become a function of the number of preceding bunches.
Emittance Dependence
The initial beam size at CESR was varied by changing the vertical emmittance of the ring with a 30 bunch train of positrons at 0.6 mA/bunch and feedback turned on. The vertical beam size was measured at three enlarged vertical emittances and is compared to the nominal emittance value with the results shown in Figure ? ? (a). The beam size growth along the train, when the vertical emittance is increased, behaves in a similar manner for all four vertical emittances indicating that the threshold is similar. By plotting the vertical beam size relative to the first bunch in the train ( Figure ? ?(b)), it is evident that the vertical beam size growth threshold is relatively independent of the storage ring's emittances. The reason for the lack of dependence of the threshold on the vertical beam size can be seen from the electron cloud density expression [? ]
The phase factor χ is 9.5 for CESR at 2.1 GeV, which is larger than the numerically estimated natural Q nl ∼ 7 for a coasting beam [? ] . In this case the threshold is independent of vertical beam size (for small changes in the beam size).
Feedback Gain Dependence
CESR presently contains two independent transverse and longitudinal feedback systems: Figure ? ? shows the result of a study for the effect of the first of these two feedback systems for two different settings of the transverse feedback gain at CesrTA : 20% and 40% of full scale gain settings, for both vertical and horizontal feedback. While the damping rate of the dipole mode changes with the feedback gain, the characteristics of the vertical beam size blow-up behavior is not affected at all. 
Comparison with Bunch-by-Bunch Frequency Spectra
In Fig. ? ? the bunch-by-bunch beam size and rms motion are shown for a measurement with a 14 ns train, at 4 GeV, with 1.1 mA/bunch. The measurements were taken concurrently with those for the bunch-by-bunch frequency measurement described in Sec. ??. For that measurement the growth of the vertical head-tail lines are shown in Fig. ? ?. The m = 1 vertical head-tail line starts growing at bunch 18 and peaks around bunch 22. Comparing with Fig. ? ? the vertical emittance growth starts at bunch 17 and reaches a plateau around bunch 22. Thus the onset and development along the train of the vertical head-tail lines is very similar to the onset and development along the train of vertical emittance growth.
Summary
Using an x-ray monitor, bunch-by-bunch vertical size and position measurements have been made on a turn-by-turn basis to study the evolution of the beam emittance along trains of bunches in the presence of the electron cloud. The following observations have been made from these measurements: • Vertical beam size growth is observed along bunch trains where the growth rate vs. bunch number is a strong function of the bunch current (see Fig. ? ?). The first bunch in the train can have an anomalously larger size, which correlates with of the observation of the emergence of a vertical head-tail line in the spectrum for this bunch, as discussed in Sec. ??.
• Vertical beam size growth along the train is not very sensitive to the chromaticity (see Fig. ? ?).
• Changing the spacing between bunches has a relatively small effect on the vertical beam size growth along the train for spacings less than 20 ns. However, when the bunch spacing is 20 ns or greater, the beam size growth rate for later bunches in the train drops considerably (see Fig. ? ?).
• Beam size growth along the train is also not very sensitive to the initial beam size or the feedback gain (see Figure ? ? and Figure ?? ).
• The onset and development along the train of the vertical head-tail lines is very similar to the onset and development along the train of vertical emittance growth (compare Fig. ? ? and Fig. ? ?).
Conclusions
We have described the experimental measurements performed at CESR which probe the interaction of the electron cloud with the stored beam. These experiments have been done over a wide range of beam energies, emittances, bunch currents, and fill patterns to gather sufficient information to begin to characterize the beam-electron-cloud interaction and will be useful for comparing with the simulation software. The beam conditions are chosen to be as close as possible to those of the ILC damping rings, with enough variation in the conditions that we have some confidence in being able to extrapolate to the ILC dampings. This data can be employed for the validation of the simulation programs, allowing more accurate predictions for the cloud-related behavior of exsisting and future storage and damping rings.
